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Since the discovery of the tunneling magnetoresistance ͑TMR͒ effect in magnetic tunnel junctions with Ge, ZnSe, and AlO x as barriers 1-4 and recent giant TMR effect with MgO as barriers, [5] [6] [7] [8] [9] [10] the temperature ͑T͒ dependence of TMR ratio and resistance ͑R͒ have been extensively investigated. In general, the temperature dependence in AlO x -based junctions [11] [12] [13] is well explained by Shang's model 14 and/or with magnon excitations, where the TMR ratio exhibits a large decrease with T and the resistance in both parallel ͑P͒ and antiparallel ͑AP͒ configurations ͑R P , R AP ͒ decreases with increasing T. The temperature dependence of the TMR ratio in AlO x -based junctions is explained based on the Julliere model, while including a spin independent term due to hopping through localized states in the barrier, thermal excitation of spin waves described by Bloch's law, and exchange splitting. 12, 14, 15 For early MgO-based junctions whose TMR ratio was around 100% at low temperatures, [16] [17] [18] R P , R AP , and TMR ratio all exhibit a decrease with temperature, similar to those in AlO x -based junctions. More recently, however, R P has been found to be almost temperature independent in MgObased junctions; 7, [19] [20] [21] [22] [23] [24] this feature has been taken as a characteristic of high quality MgO barriers together with bias voltage independence of dynamic conductance at low voltages. 19, 22 Furthermore, it is concluded from theoretical calculation 25 and experimental data 19 that the direct application of the Julliere model is not appropriate to the case of spin dependent tunneling. In our previous paper 19 the temperature dependence of TMR ratio in high quality Fe/ MgO/Fe epitaxial junctions was attributed to the magnetic disorder in the ferromagnetic electrodes due to thermal excitations and its effect on the spin dependent tunneling across the 3.0 nm thick barrier. In this letter, we report temperature dependence measurements of R AP and R P in Fe/MgO/Fe junctions with varying MgO thickness t MgO . R AP exhibits a large decrease with T in all the samples studied, with t MgO ranging from 3.0 to 1.5 nm. In contrast, R P is approximately temperature independent as t MgO = 3.0 nm, and increases with T as t MgO = 2.1 and 1.5 nm. We show that the different temperature dependences of R P,AP can be explained by magnetic disorder of the two ferromagnetic electrodes and its effect on spin dependent tunneling.
Fully epitaxial Fe/MgO/Fe/IrMn structures, where the bottom ͑free͒ electrode is a 25 nm thick Fe layer and the top electrode is a bilayer comprising of a 10 nm thick Fe layer exchange biased by a 10 nm thick Ir 0.2 Mn 0.8 antiferromagnetic layer, were grown on MgO͑001͒ substrates by molecular beam epitaxy ͑MBE͒. Detailed descriptions of the growth process, the structural characterization, and junction fabrication have been published elsewhere. 19, 26, 27 The magnetic properties were measured in a physical properties measurement system using a standard four-probe technique. Figure 1͑a͒ shows normalized TMR ratio ͑R / R P −1͒ ϫ 100% as a function of magnetic field at 4.2 K for junctions with structure of Fe͑25͒ / MgO͑t͒ / Fe͑10͒ / IrMn͑10͒ ͑thick-nesses in nanometers͒ with t MgO = 3.0, 2.1, and 1.5 nm, where R is the resistance at different magnetic fields. The measured TMR ratios of these junctions are 318%, 218%, and 164% for MgO thicknesses of 3.0, 2.1, and 1.5 nm, respectively. The asymmetry of the TMR ratio between the positive and negative magnetic fields comes from the huge different coercivity between bottom Fe layer and top exchange-biased Fe/IrMn bilayers along the exchange bias direction ͑negative fields͒ together with slightly different coercivity between bottom 25 nm thick Fe layer and top 10 nm thick Fe layer ͑positive fields͒. Figure 1͑b͒ shows the product of resistance and area ͑RA͒ as a function of MgO thickness at 4.2 K. The exponential increase in RA as a function of t MgO is typical of high quality tunnel junctions, and the barrier height can be obtained 8 from the slope of log͑RA͒ versus MgO thickness. The barrier height is 0.60 eV here, similar to previous values, 0.39 eV ͑Ref. 8͒ and 0.9 eV ͑Ref. 28͒ reported for MBEgrown junctions.
The temperature dependence of the TMR ratio is shown in Fig. 2 for t MgO = 3.0, 2.1, and 1.5 nm. The scattered data points are experimental measurements, and the solid lines are fits based on the model to be described below. For T increasing, the TMR ratio exhibits an obvious decrease. Furthermore, a reproducible departure from linearity of TMR ratio versus T is found, as reported before.
19 Figure 3 shows plots of RA versus T in AP and P ͑open and solid signs͒ configurations versus temperature with t MgO ͑a͒ 3.0 nm, ͑b͒ 2.1 nm, and ͑c͒ 1.5 nm, where the lines are fits from our model. For t MgO = 3.0 nm shown in Fig. 3͑a͒ , R AP decreases monotonically with increasing T, while R P is approximately temperature independent. It is interesting to find that for t MgO = 2.1 nm shown in Fig. 3͑b͒ , R AP decreases monotonically with increasing T, while R P shows an obvious increase. The effect is even more pronounced when t MgO is further decreased to 1.5 nm, shown in Fig. 3͑c͒ . Note that, R P and R AP are shown on the same scale in Fig. 3͑c͒ compared with breaks in RA scale for t MgO = 3.0 and 2.1 nm shown in Figs. 3͑a͒ and 3͑b͒. There are 72 junctions per sample, and the tendency of R P to increase with increasing T is found to be reproducible, which could be another characteristic feature of high quality, epitaxial Fe/MgO/Fe junctions.
Spin dependent tunneling in Fe/MgO/Fe junctions has been well described by first-principles theory. 5 For thick barriers, the conductance is dominated by electrons with momentum vectors normal to the barrier because the tunneling probability decreases very rapidly when the momentum vectors deviate from the barrier normal direction, resulting in a giant TMR ratio. 5, 8 For thinner barriers, electrons with momentum vectors deviating from the barrier normal direction have a finite tunneling probability, leading to a lower TMR ratio. Unfortunately, the first-principles theory cannot take the temperature dependence into account.
Possible models to explain the observed temperature dependence of R P,AP have been considered. Introduced for AlO x -based junctions, 14 spin independent conductance G SI due to hopping through localized states in the barrier increases monotonically as T increases, and generally obeys a power-law G SI ϰ T ␥ with a typical experimental value of ␥ = 1.33. Hence, R P,AP exhibits a similar temperature dependence, in contrast to our measurements which show that R AP decreases while R P increases with T. Furthermore, this model was also used in CoFeB/MgO/CoFeB junctions, but cannot fit experimental data well. 22 For spin dependent transport, spin flip scattering is possibly an important effect, especially in AlO x -based junctions 29 and junctions with magnetic impurities in the electrodes. 30 However, this would also predicts a decrease in R P,AP with T. Therefore, the model based on spin independent term and/or spin flip scattering is not applicable for epitaxial Fe/MgO/Fe junctions where R P increases with T increasing for thinner MgO barrier. Nonspecular tunneling theory proposed recently 31 was used to account for the decrease in R AP with T, but R P was assumed to be temperature independent.
In our earlier paper, 19 the TMR ratio versus T was well described by a model based on temperature dependence of magnetic disorder in the electrodes and its effect on the spin dependent tunneling. Here, we focus on the temperature dependence of R P,AP with different t MgO , especially the tendency of R P to increase as T increases. The conductance in P and AP configurations ͑G P and G AP ͒ is given by Eq. ͑1͒,
where M͑T͒ is the saturation magnetization of electrodes described by Bloch's law. The parameter ␤ P is closely related to majority ⌬ 1 states, which dominates G P and R P , and ␤ AP is only related to states other than ⌬ 1 , such as ⌬ 5 and ⌬ 2,2 Ј , because an injected ⌬ 1 states cannot find equivalent symmetry in the opposite ferromagnetic electrode with reversed magnetization in AP configuration. 5, 19 Furthermore, ␤ P,AP includes the proportionality factor relating spin polarization and magnetization and also takes account of the local interface effect on the spin dependent tunneling.
Equation ͑1͒ shows immediately that the dependence of G AP and G P with temperature will be of opposite sign. Saturation magnetization, M͑T͒, decreases as temperature increases, and the parameter ␤ is proportional to the spin polarization and is positive. Thus Eq. ͑1͒ correctly predicts the observed decrease in R AP and increase in R P , with temperature shown in Fig. 3 In summary, R P is reported to increase with temperature in epitaxial magnetic junctions with thin MgO barriers ͑2.1 and 1.5 nm͒. The temperature dependence of R P,AP originates from the misalignment of magnetic moments in the electrodes due to thermal excitations. Conversely, we find that in these epitaxial Fe/MgO/Fe junctions the spin independent term and spin flip scattering are not significant factors in determining the temperature dependence of R P,AP .
